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ABSTRACT 
The use of platinum as a catalyst and the nonuniform distribution of current density inside a membrane 
electrode assembly result in high cost and low durability, which strongly hinders the wide adoption of 
proton exchange membrane fuel cells. For proton exchange membrane fuel cells operated at various loads, 
the required activities and mass transport rates are different because the reactant and product are 
nonuniformly distributed inside the membrane electrode assembly. Thus, a rational design for a 
membrane electrode assembly with a spatial distribution of functional components is helpful for reducing 
the usage of precious components, improving cell performance, and achieving uniform distributions of 
current density and heat. Herein, the graded design of the functional components in the gas diffusion layer, 
microporous layer, catalyst layer, and membrane along both the through-plane and in-plane directions 
within the membrane electrode assembly are reviewed for the purpose of reducing the cost and improving 
the performance and durability of proton exchange membrane fuel cells.  
 
 
 
 
 
 
Keywords: PEM fuel cell, membrane electrode assembly, graded design, functional components, 
optimization 
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1.   Introduction 
   Rapid industrialization and urbanization have led to an increased consumption of energy and serious 
global warming in the 21st century [1-4]. The carbon dioxide (CO2) content in the atmosphere has 
increased by 30% since the industrial era began [5], of which approximately 17% came from the burning 
of fossil fuel in the internal combustion engines of vehicles [6]. Fossil fuels, as the main resources used to 
meet the global energy requirement, contribute to over 70% of the current world energy demand [7]. This 
eventually resulted in the depletion of limited nonrenewable resources, e.g., coal, oil and natural gas, and 
led to serious environmental pollution. It is clear that by 2050 oil and gas supplies will not be able to meet 
the global energy demand [8]. As a clean energy device using renewable resources as reactants, a fuel cell 
is considered an alternative and promising solution that is capable of improving the efficiency of energy 
utilization and reducing the emissions of greenhouse gases. Due to its higher energy-conversion 
efficiency and zero-emission potential, hydrogen-based proton exchange membrane fuel cells (PEMs) 
create a possibility of transforming the heavy carbon footprint-based economy into a sustainable carbon-
free future [9-12]. 
     As shown in Fig. 1, a typical PEM fuel cell unit includes a membrane electrode assembly (MEA) 
sandwiched between the flow field plates (FFPs) of the anode and cathode, into which flow channels are 
grooved. The MEA includes gas diffusion layers (GDLs) and catalyst layers (CLs) on the anode and 
cathode side, respectively, and a proton exchange membrane (PEM) in between. For better water 
management, the microporous layer (MPL) is commonly sandwiched between the GDL and CL. 
Typically, the CL, GDL and MPL are porous media with different components and structures used to 
deliver various functionalities. As an engine of the MEA, the oxygen reduction reaction (ORR) occurs 
inside the cathode CL, while hydrogen splits into protons and electrons at the anode CL. A proton 
migrates through the PEM, and electrons are transported via an external cycle from the anode to the 
cathode, where they combine with oxygen to produce water at the cathode. As a CL support, the GDL is a 
porous medium used for effective transport of electrons and heat, as well as of reactants and products in 
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the gas and liquid phases. The MPL is a more hydrophobic and compact layer used to maintain a hydrated 
membrane and mitigate water flooding inside the CL and GDL.  
     The process occurring inside the porous electrode constitute a fully coupled reaction-diffusion process. 
The reactant gases must be transported through the void space within the porous media and reach the 
active sites for electrochemical reaction. Meanwhile, an electrolyte polymer (Nafion ionomer) network 
and carbon matrix provide pathways for proton and electron migration, respectively. Due to the 
competitive relationship between the electrochemical reaction and effective species transport [13], 
optimal cell performance requires a different spatial distribution of the electrode compositions. Inside the 
MEA, the transport rates of electrons, ions and gases are altered by the Pt/C, Nafion ionomer and void 
space, respectively. An improper design would lead to a portion of the noble catalyst particles, e.g., those 
located at the inner CL close to the membrane, being insufficiently utilized due to the limitation of species 
transport, leading to a waste of precious catalyst. The optimal parameters for maximized cell performance, 
such as platinum and ionomer loadings and the porosity and hydrophobicity of the GDL, CL and MPL, 
vary according to the different operational requirement of PEM fuel cells. Therefore, the design of a 
functionally graded electrode is a promising strategy for cost reduction and performance optimization of 
the PEM fuel cells. Additionally, designs of functionally graded electrodes have been widely applied in 
high-temperature fuel cells [14-18].  
  To the best knowledge of the authors, there have been about a hundred published papers focusing on 
graded designs of PEM fuel cells. These studies include graded platinum and ionomers in the CLs, graded 
PTFE loading and porosity inside the GDL, graded hydrophobicity of the MPL and graded sulfonic acid 
within the PEM. Although many experimental and numerical studies have been intensively carried out, 
the optimal gradients of the functional components, e.g., the gradients of platinum within the CLs and  
porosity inside the MPLs, are still controversial due to their significant dependency on the operating 
conditions and model assumptions. In this paper, we review up-to-date research of graded electrode and 
membrane designs and summarize the optimal distributions of the corresponding functional components 
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within the GDL, CL, MPL and Nafion membrane under different operating conditions and assumptions. 
The anisotropic transport properties of gas, electrons, ions and heat along the through-plane (along the 
thickness direction of the porous media) and in-plane (along the gas flow direction parallel to the 
electrode surface) directions are elucidated. For accuracy of the PEM fuel cell models, the importance of 
the anisotropic properties of the MEA is emphasized. Then, the graded distribution of the porosity, 
hydrophobicity, platinum loading, ionomer loading of porous media and the density of the sulfonic acid 
group of the Nafion membrane are summarized. The optimal gradients of different design parameters are 
compared under different operating conditions. The multivariable optimization is discussed in the end. 
This review paper aims to share with readers a promising strategy for reducing the usage of precious Pt-
based catalysts without sacrificing cell performance, with the help of a graded design of functional 
components and the optimization of their distributions within the MEAs. The functional graded design is 
capable of accelerating the commercialization and industrialization of PEM fuel cell technology.  
2.   Anisotropic Properties  
As a key component of the MEA, the porous electrodes, including the GDL, MPL and CL, are typically 
prepared from highly porous carbon fiber materials, e.g., carbon paper or cloth. Due to the special 
constitutive orientations of carbon fibers, the porous electrodes exhibit strong structural anisotropy, which 
consequently leads to variations of the transport properties, such as the electrical resistance [19-21], 
thermal conductivity [22, 23], species diffusivity [24, 25] and electrode permeability [26-28], along both 
the through-plane and in-plane directions. In addition, according to the theory of numerous previous 
studies [29-31], the capillary diffusivity is a function of the electrode permeability. Therefore, anisotropic 
liquid water transport through porous electrodes under a capillary mechanism is initiated by the 
anisotropic permeability of the electrode. 
The rate of gas transport through a porous electrode is characterized by its effective diffusivity, which 
is a function of the electrode porosity and tortuosity and the intrinsic diffusion coefficient of each 
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individual species in a gas mixture. Due to the formation of water, the electrode porosity is reduced. 
Considering the anisotropy of the microchannels as a gas transport pathway within the electrodes, the 
effective diffusivity of species, 
eff
iD , in a porous media containing random fibrous materials has to be 
corrected by the percolation theory [32, 33] as follows:  
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where s  is the liquid water saturation, 0,i gD  (m
2
 s
-1
) is the intrinsic diffusion coefficient of gas species, i, 
and p is the porosity of the electrode. pc  is the percolation critical value of porosity, which equals 0.11 
as reported in Ref. [24]. 
The anisotropic electrode permeability for gas transport, 
eff
pk , is expressed as follows [34, 35]:  
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where R  (m) is the radius of the carbon fiber. 
The in-plane effective diffusion coefficient is typically higher compared to the through-plane effective 
diffusion coefficient due to the alignment of fibers, following the direction in which there are fewer 
blockages. As described by Nam and Kaviany [32], the change in electrode tortuosity for species 
transport along the through-plane direction is more significant with water droplet formation. Thus, the 
through-plane diffusivity is reduced more obviously in the presence of water due to the architectural 
variation of the electrode.  
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Heat management is also a crucial issue for PEM fuel cells due to its impact on the electrochemical 
reaction, species transport and saturation pressure of the vapor. The heat transport rate varies in different 
domains, e.g., in the bipolar plates, GDLs, CLs, and MPLs, in which the effective thermal conductivity 
strongly depends on the composition of the domain. Theoretically, the effective thermal conductivity is a 
function of the volume fractions and intrinsic thermal conductivities of the solid matrix, as well as the 
liquid water and gases present inside the void space of the porous electrode. Due to the anisotropic 
properties of the porous electrode, e.g., those of the carbon fibers and void space, the in-plane and 
through-plane thermal conductivity must be separately calculated and measured. The anisotropic effective 
thermal conductivity of the solid component of the electrode, 
s
Tk , can be expressed as follows [36]: 
0.009 0
0.008 0
3
1 ( )0.977exp[0.344(1 )](1 )
2
3
1 ( )0.963exp[0.881(1 )](1 )
2
p
p p s
ps
T
p
p p s
p
k in plane
k
k through plane

 


 




   

 
    
 
            (3) 
where 0sk  is the intrinsic thermal conductivity of the solid matrix within the electrode and depends upon 
the composition of the electrode.  
   Electron and proton transfer within the porous electrode rely on the carbon fiber and the developed 
ionomer network throughout the void space. The impact of the anisotropy of electron conductivity on the 
local current density distribution and overall cell performance have been intensively studied [19-21, 36]. 
As electron transport media, carbon fibers are normally oriented along the in-plane direction, resulting in 
a higher in-plane electrical conductivity (5000 - 23000 S m
-1
) than through-plane conductivity (300 - 
1400 S m
-1
) [37-39]. The effective anisotropic electrical conductivity, 
eff
s , is given as follows [35, 36]: 
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where 
0
s  (S m
-1
) is the intrinsic electrical conductivity of the electrode.  
Eqns. (1) – (4) are obtained from the percolation theory rather than the typical Bruggeman approximation, 
as it is widely used and provides a more accurate estimation of the effective transport properties.  
The values of the studied parameters related to the in-plane properties typically exceed those of the 
through-plane case. The ratios of in-plane and through-plane parameters, including electrode permeability, 
gas and water diffusivities, and electrical, ionic and thermal conductivities, were compared and 
summarized in the work of Xing et al. [40]. It is indicated in Fig. 2. that the ratios are sensitive to the 
porosity of the porous media. It can be seen that the ratios are sensitive to the porosity of the porous 
media in that the ratios of the electron, ion, and thermal conductivities increase dramatically with the 
increase in the electrode porosity, whereas the ratios of the electrode permeability and gas and water 
diffusivities gradually decrease. The in-plane and through-plane ratios indicate the influence of the 
anisotropic transport properties on the transport rates of the associated processes, such as the diffusion 
rate of the reactant gas through the void space and the transport rates of electrons and ions via the carbon 
and ionomer network inside the porous electrode, showing the index of inaccuracy if the studied 
parameters are assumed to be isotropic.  
Fig. 3 shows the effect of anisotropic mass diffusivity, as determined from the percolation theory, on 
the predicted current density under channel and land. A significant increase in the current density under 
land is observed, while the current density under the channel remains virtually unchanged. This can be 
explained by the deformation of the GDL under the clamping force of the bipolar plates. Owing to the 
immediate contact between the channel ribs and carbon papers, the deformation of the GDL is more 
significant under the land than under the channel. A GDL deformation leads to a decrease in porosity and 
an increase in the electron conductivity, which has a pronounced impact on the current density 
distribution at low and medium current densities. This indicates that the anisotropy of mass diffusivity 
and electrical conductivity may change the characteristics of overpotential and current density 
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distributions under the gas channels and land areas under certain conditions [22-24]. To achieve better 
fuel cell performance, the graded porous electrode needs to be carefully designed along both the in-plane 
and through-plane directions. 
3.   Graded GDL 
The GDLs of PEM fuel cells are typically porous media of hundreds of micrometers in thickness. As a 
component of the MEA, the GDL is normally made of a woven carbon cloth or a nonwoven carbon paper. 
High electric conductivity, appropriate porosity, strong mechanical strength and good chemical stability 
are desirable properties. The role of the GDL is to support the CL and affect the diffusion of the reactant, 
water, heat and electrons [41-43]. The purpose of the GDL is realized by effectively distributing the 
reactant gases into the CL for the electrochemical reaction, while simultaneously allowing electron and 
water transport from the CL to the current collector [44]. Therefore, the GDL has to be rationally 
designed to facilitate reactant gas diffusion and product water removal. The use of a graded GDL with 
gradients of porosity and hydrophobicity are the two main optimization strategies.  
3.1 Graded Distribution of Porosity 
When more void space within the GDL is occupied by carbon materials, the porosity of the GDL is 
reduced, and vice versa. It is expected that a decrease in the GDL porosity leads to a higher effective 
electronic conductivity of the GDL. Unfortunately, this may hinder the transport of reactant gases in the 
GDL. In particular, when using air as the cathode reactant gas, the dilution effect of nitrogen causes extra 
oxygen transport limitation at the cathode [45]. In contrast, an increase in the GDL porosity facilitates the 
gas supply but reduces the electron conduction. In addition, the GDL porosity significantly affects the 
distributions of reactant gases and current density over the CL. Therefore, the development of a porosity-
gradient GDL to achieve a moderate increase in the gas transport rate without severely decreasing the 
electronic conductivity is an approach worthy of consideration.   
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Along the through-plane direction, Chu et al. [46] numerically studied the effects of various GDL 
porosities on the performance of fuel cells with nonuniform GDL porosity by using a half-cell model. The 
oxygen mass fraction distribution in the channel and porous electrodes, the membrane phase potential, 
and the predicted current density were investigated. The results revealed that GDL porosity had a limited 
or negligible influence on the level of polarization at low and medium current densities but exerted a 
significant influence at high current densities. This conclusion was confirmed by the numerical and 
experimental results of Roshandel et al. [47], although the effects of the phase change and liquid water in 
their model were omitted. Chen [48] employed a multiphase mixture model to study the GDL porosity 
gradient formed by adding microporous layers (MPLs) with different carbon loadings on the CL side and 
on the flow field side, respectively. The model assessed the water saturation and oxygen concentration 
across the GDL, as well as the resulting activation and concentration losses. The results showed that a 
gradient of porosity benefited the removal rate of liquid water and enhanced the transport of oxygen 
through the cathode GDL, thereby leading to improvement of the cell performance. Huang et al. [49] 
developed a three-dimensional, two-phase, nonisothermal model to explore the enhancement of water 
transport by a linear porosity gradient in the cathode GDL. The simulation results suggested remarkable 
improvement of the limiting current density and oxygen usage with an optimal linear porosity gradient 
with a porosity of 70% near the channel and 30% near the CL for the parallel and z-serpentine channel 
designs, as shown in Fig. 4. It was found that the current density increases from 1.41 to 1.66 A cm
-2
 when 
the abovementioned graded porosity distribution was applied. The same trends are also observed for 
parallel and interdigitated channel designs. Zhan et al. [50, 51] developed a one-dimensional model to 
study the distribution of liquid water saturation for GDLs structured with a gradient porosity distribution. 
According to the computational outcomes, with the same average equivalent porosity, a larger porosity 
gradient leads to easier gas diffusion. A GDL with a gradient of porosity was preferable for liquid water 
discharge from the electrodes into the flow channels. The optimization of the GDL gradient structure 
showed that a GDL with a linear porosity distribution was the best for cell performance.  
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Along the in-plane direction, Sinha et al. [52] investigated tortuosity-graded gas diffusion media with 
fine and coarse structures along the cathode flow channel, respectively. As shown in Fig. 5, the coarse 
section provided faster oxygen transport and improved cell performance toward the outlet due to its low 
tortuosity, while the fine section offered better water retention due to its high tortuosity. Therefore, proper 
selection of the lengths of the fine and coarse sections was vitally important to improving cell 
performance. Recently, Zhang et al. [53] explored the porosity-graded GDLs, in which the GDL porosity 
exponentially increased along the flow channel from the inlet to the outlet. In their work, both a 
mathematic model and an optimization algorithm were used to numerically investigate the optimal 
distribution of the GDL porosity along the flow channel. Experiments were also conducted to measure the 
local current density distribution and evaluate the effects of the graded porosity distribution in the GDLs. 
It was concluded that using an optimally graded porosity distribution improved the current density 
uniformity and maximized the cell power density.  
Kimball et al. [54] suggested that the generated liquid water enters the largest pores of the GDL, and 
considerable pores of the GDL remain free of liquid water due to their hydrophobicity. The water flows 
from the membrane/electrode interface to the gas flow channel, detaches as water drops and then forms 
liquid slugs along the air flow within the cathode flow channel. Since the void space of the GDL was 
prone to being blocked near the outlet of the channel due to the build-up of water slugs, the designed 
porosity in the region needs to be extremely high to enhance oxygen transport. A higher GDL porosity 
near the gas flow channel and a lower GDL porosity near the CL improved the performance of the fuel 
cell at high current densities. The decrease in porosity increases the capillary force, squeezing liquid 
water into the more porous region; thus, the rational control of the GDL gradient enhances the liquid 
water removal.  
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3.2 Graded Distribution of Hydrophobicity 
    The graded hydrophobic GDL is achieved by designing a graded distribution of polytetrafluoroethylene 
(PTFE) inside the GDL. The increase in the amount of PTFE, on one hand, remarkably improves the 
hydrophobicity of the GDL, and on the other hand, lowers the reactant gas diffusivity through the 
reduced-size pores. In addition, increasing the PTFE loadings also hampers the liquid water removal due 
to the reduced pore size and volume, and it simultaneously decreases the electrical resistance [55]. It is 
thus reasonable to optimize the amount of PTFE in the GDL to tradeoff the positive and negative impacts. 
The profiles of the PTFE distribution within the porous electrodes were mainly determined by the 
drying conditions. Due to the difficulty in PTFE penetrating through the electrodes, a heterogeneous 
distribution along the through-plane direction was generated as a result of typical spray/brush 
technologies and drying at atmospheric pressure [56]. Because the typical GDL pore size is 
approximately 10-30 m, PTFE particles between 50 to 500 nm could penetrate through the GDL easily 
[57]. Mathias et al. [58] experimentally measured the PTFE distribution along the through-plane direction 
with a variety of drying times. It was found that a high PTFE concentration region moved from the GDL 
surface to the interior when a longer drying time was applied, which was likely due to the influence of 
gravity. Kang et al. [59] investigated the water profiles within the GDL using the two-phase fuel cell 
model and found that the maximum water content was located near the center of the GDL. The GDL 
wettability in the through-plane direction was assumed to be initiated by the spatial variation of PTFE 
within the GDL. Due to the incomplete PTFE treatment inside the interior GDL, the pores in this area are 
more hydrophilic, which could lead to easier accumulation of water. In other words, less PTFE-coated 
pores were prepared in the inner GDL, as shown in Fig. 6. In this figure, we can see the SEM images and 
corresponding EDS maps for F over the cross-sectional area of the GDL prepared by an air-dried PTFE 
strategy. One can clearly see the heterogeneous distribution of PTFE, with higher loadings near both the 
upper and lower surfaces of the GDL. To solve this problem, Ito et al. [60-62] increased the PTFE content 
inside the Ti-felt GDL (a type of GDL made from 20 µm-diameter titanium fibers) and drying under 
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vacuum pressure. The novel methods in this work improved the current density by approximately 1.9 
times at 0.6 V in comparison with the case of a nonuniform PTFE distribution. The effect of the PEFE 
distribution in the GDL was important even when an MPL was included. The capillary diffusion 
coefficient is proportional to the contact angle of the water droplet on the substrate surface [63, 64]. A 
higher capillary diffusion coefficient in the GDL near the membrane than that near the gas flow channel is 
capable of pushing liquid water to the channel at a faster rate. Thus, it is believed that placing more PTFE 
near the membrane is a strategy for enhancing the cell performance at high current densities and high 
relative humidity.  
There are few studies available for the in-plane PTFE distribution in the GDLs. The effects of the 
inhomogeneous distribution of PTFE along the in-plane direction have been seldom investigated. An 
experimental study of the in-plane PTFE gradients inside GDLs was carried out by Vijay et al. [65], 
wherein PTFE gradients along the in-plane direction were obtained by exploiting capillary wicking of the 
PTFE suspension. More effective water management was achieved from the in-plane distribution of PTFE. 
Theoretically, along the in-plane direction, the PTFE content near the outlet should be higher because 
water is prone to accumulate in this region. At low reactant gas stoichiometric flow ratios, capillary 
diffusion is the primary driving force for liquid water expulsion through porous electrodes [66]. The shear 
forces play a more important role in liquid water expulsion with high reactant gas stoichiometry [67]. The 
shear force can be related to the contact angle, which is directly affected by the PTFE content. Due to the 
variation in contact angles along the in-plane direction, various water removal capabilities along the 
reactant flow direction are expected. A higher water expulsion rate near the outlet can be utilized to 
counteract water flooding in this region. The graded designs of porosity and hydrophobicity of the GDL 
were summarized in Table 1.   
4. Graded MPL 
An MPL is typically made of carbon black powder, hydrophobic PTFE and binder materials, such as 
ink (a multicomponent suspension of carbon powder, binder and PTFE et al.) for this application. The 
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thickness of an MPL is typically tens of micrometers. In achieving better cell performance at medium and 
high current densities, the MPL plays a critical role, particularly when the effect of water flooding 
becomes significant. The role of the MPL is to properly manage reactant gas transport and water 
discharge. It is suggested that a compact, thin MPL with high hydrophobicity could significantly decrease 
the liquid water saturation inside the CL [68-73]. According to the mass transport mechanism in the 
microstructure of an MPL, the rational design of the distributions of porosity and hydrophobicity within 
the MPL is important in enhancing the cell performance.  
A multilayer MPL is practically used for fuel cell applications because it increases the limiting current 
density in terms of reducing the ohmic overpotential and reinforcing mass transport due to the improved 
ionic conductivity and water removal rate [68]. A multilayer MPL is more suitable for PEM fuel cells 
with higher power applications under extremely wet operating conditions, while a single MPL is typically 
sufficient for low-power cells with low levels of water flooding.  
4.1 Graded Distribution of Porosity 
The function of the MPL is similar to that of the GDL [69], with the best difference being the smaller 
pore size of the MPL. For this reason, the pore distribution inside the MPL more significantly affects the 
transport of reactant gases and produced water, which then affects the apparent cell performance. 
Specifically, the liquid water inside the MPL near the GDL side is significantly decreased to avoid 
flooding. Meanwhile, water inside the MPL near the CL side is well-maintained to provide a good 
membrane hydration condition. To prepare the porosity-graded MPL, introducing a pore-forming agent 
such as ammonium chloride (NH4Cl) or thermally expandable materials such as graphite are strategies 
commonly used [70, 71]. For efficient gas and liquid water transport inside the GDL, different pores of 
various sizes in the micro, meso and macro ranges are required. A large number of hydrophobic meso-
pores are needed for reactant gas diffusion to catalytic sites via micropores. Moreover, more hydrophobic 
macropores are essential for liquid water removal under a certain capillary pressure. Therefore, the pore 
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size inside the MPL near the MPL/GDL interface should be larger than that near the CL/MPL interface 
for effective water removal to the channel.  
Wang et al. [72] prepared MPLs from different carbon materials, namely, 80 wt% acetylene black 
carbon and 20 wt% Black Pearls 2000 carbon, to enhance the transportation of both reactant gases and 
liquid water. Furthermore, a novel graded-porosity GDL was proposed by adding MPLs with different 
carbon loadings to the CL side and to the flow field side for improved liquid water removal. By the 
rational adjustment of the pore size distribution and wettability, they found that an MPL with a gradient 
configuration of 0.7/0.3 (ratio of carbon loading in the MPL at the CL side to that at the flow field side) 
with carbon loadings of 0.7 mg cm
-2
 on the CL side and 0.3 mg cm
-2
 on the flow filed side is preferable 
for improved cell performance.  
Chun et al. [70] prepared a porosity-graded MPL using the double coating method to enhance the water 
removal ability of the GDL. Thermal expandable graphite (TEG) was applied to control the porosity of 
each layer. The porosity gradually increased from the MPL/CL interface to the gas diffusion backing 
layer (GDBL)/MPL interface. The comparison of cell performance obtained from the porosity-graded 
MPL and conventional MPL showed improved water permeability and cell performance at high current 
densities. In the work of Tang et al. [71], the MPL was prepared by printing different contents of NH4Cl 
pore-former, and the porosity of the MPL decreased from the inner layer at the CL/MPL interface to the 
outer layer at the GDL/MPL interface. The cell consisting of a porosity-graded MPL has better 
performance than that consisting of a homogeneous MPL, especially at high current densities. The reason 
is the increased capillary force of the graded porosity in MPL, which hence increases the water expelling 
capacity of the electrode. 
Previous results from different researchers showed a different optimal distribution of porosity inside 
the MPL. This may be explained by the various pore sizes obtained through different methods. For 
example, the pore diameter ranged from approximately 620 to 1020 nm, with a mean value of 733.1 nm, 
in Chun’s report [70]. In contrast, the pore size distribution was between 0.01 and 10 m in Tang’s work 
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[71]. As stated, there were two main types of pores, with the pore sizes between 10 and 80 nm and 
between 80 nm and 10 m, and the pore volume of the later type exceeds that of the former type. The 
MPL pore size obtained by Tang et al. is much larger than that by Chun et al. In this case, the optimal 
porosity distribution can be a gradual decrease from the CL/MPL interface to the MPL/GDL interface. In 
spite of the low porosity near the MPL/GDL interface, the liquid water discharge and gas transport are not 
significantly affected due to the large pore size in this region. In the case of a very small pore size, the 
low porosity near the MPL/GDL interface would cause pronounced mass transport resistance in liquid 
water expulsion to the gas flow channel, resulting in flooding inside the porous electrode.  
4.2 Graded Distribution of Hydrophobicity 
Similar to the PTFE distribution of GDLs, the optimal distribution of PTFE within the MPL obeys a 
decreasing gradient from the CL/MPL interface to the MPL/GDL interface. Weng et al. [73] designed a 
hydrophobicity-graded MPL and experimentally studied the cell performance under a variety of 
humidification conditions. Three MPLs with various PTFE contents, 20, 25 and 30 wt% in the MPLs 
from the CL/MPL interface to the MPL/GDL interface, were sandwiched between the CL and GDL. 
Thanks to the relatively low PTFE loading inside the inner layer of the as-prepared MPL, product water 
from the oxygen reduction reaction was retained within the CL under low humidity conditions, e.g., 5%. 
In contrast, the hydrophobicity-graded MPL efficiently discharged liquid water from the porous 
electrodes at high relative humidity, e.g., 50%, leading to improved cell performance, as shown in Fig. 7. 
The increase in PTFE loading near the membrane alters the permeability of water transport through the 
GDL. In the GMPL, the decreasing permeability from the membrane to the GDL helps maintain water 
inside the MEA, leading to improved cell performance at low relative humidity. Note that too much PTFE 
near the MPL/GDL interface, e.g., 35 wt%, would block pores for water removal through the GDLs, 
leading to water flooding within the CLs and, eventually, a drop in cell performance at high relative 
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humidity. Thus, the optimal gradient of the PTFE content in the MPL has to be precisely controlled. The 
graded designs of porosity and hydrophobicity of the MPL were summarized in Table 2. 
5.   Graded CL 
The CL is one of the most complicated parts of the whole MEA. It consists of necessary components 
for electrochemical reactions and proton and charge transfer, as well as void space for reactant gas 
transport and liquid water discharge. Due to the highly compacted structure required within a limited 
thickness (typically several micrometers), experimental investigations are difficult, expensive and 
sometimes not feasible. Instead, a numerical study could provide detailed information for guiding the CL 
design. Prior to the numerical design of a graded CL, the development of proper models to represent the 
morphology of the CL is essential. Numerous models were chronologically developed to study the 
influence of the CL on the cell performance, for example, ultrathin or interface layers [74, 75] and 
microhomogeneous [76-78] and agglomerate [79, 80] models. Among these models, interface and 
microhomogeneous models can hardly match the cell behavior under a large range of operating conditions 
due to the great difference between computational geometries and practical CL structures. Sun et al. [81] 
developed an improved two-dimensional, spherical agglomerate model for the cathode of a PEM fuel cell. 
This model assumed that platinum particles were embedded into the spherical carbon agglomerates, 
which were cross-linked by the ionomer polymer network. They showed that both proton and electron 
transport played important roles in determining the electrochemical reaction rate and local cathode 
overpotential. The extra mass transport resistance to oxygen transport, initiated by ionomer films 
surrounding the agglomerates, was significantly important in high-current density cell operation. Recently, 
Cetinbas [80, 82] et al. improved the classic agglomerate model by representing the catalyst as a discrete 
platinum particle distribution. The influence of a random platinum particle distribution within the 
agglomerate was investigated and the diffusion-limited region at various catalyst loadings was 
investigated. Based on the agglomerate model, a typical form of the volumetric current density can be 
written as follows [81, 83-85]: 
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where the subscript i represents the anode and cathode and the superscript  equals 0.5 for the hydrogen 
oxidation reaction (HOR) at the anode and 1.0 for the ORR at the cathode, respectively. ip  (Pa) and 
iaggk ,  (s
-1
) are the partial pressure and the reaction rate coefficient of species i. iaggE ,  and iw,  (m) are 
the effectiveness factor and liquid water film thickness at the anode and cathode, respectively. 
M
iagga ,  (m
-1
) 
is the active electrochemical surface area available for the reaction. iRd ,  and iOx,  are the reduction and 
oxidation reaction charge transfer coefficients, respectively.  
      If the electrode is considered as an isotropic media, the effective electronic conductivity is normally 
obtained from the Bruggeman correction due to the very large intrinsic electronic conductivity of carbon 
materials in comparison with the proton conductivity of polymers as follows [86, 87]: 
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 To consider the effect of the contact area between agglomerates, the effective proton conductivity is 
estimated by the following equation [83]: 
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where 
eff
s  and 
eff
M (S m
-1
) are the effective electronic and proton conductivities of the CL, respectively. 
M% is the primary pore volume fraction occupied by the ionomer, and CL  is the catalyst layer porosity. 
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The intrinsic conductivity of the Nafion membrane is a function of temperature (T) in Kelvin and the 
membrane water content (), as expressed in the following equation [88, 89]: 
)326.05139.0)](
1
303
1
(1268exp[  
T
M                                          (9) 
Eqns. (5) - (6) are used to describe the electrochemical kinetics while Eqns. (7) - (9) are adapted for the 
effective electronic and ionic conductivities. These equations, obtained from literatures, have been 
commonly used in PEM fuel cell models.  
5.1 Graded Distribution of the Nafion Ionomer 
The Nafion ionomer typically occupies the large pores of the CL and builds up a cross-linked network 
of ionomer matrix for proton transport [90, 91]. A higher ionomer content is, on one hand, beneficial to 
the ionic conductivity; however, on the other hand, it blocks the void space inside the CL and increases 
the mass transport resistance of gas diffusion and water removal. An optimal Nafion content yields a 
minimal species transport resistance while maintaining good conductivity of the CL. The graded CL with 
a higher content of ionomer near the membrane and a low content of ionomer near the GDL is considered 
a novel design for the improvement of cell performance at medium and large current densities.  
Numerous previous studies proved that reducing the Nafion content from the region near the membrane 
toward the GDL, along a certain gradient, is capable of improving the cell performance, especially at high 
current densities. Wang et al. [92] developed a macrohomogeneous model to explore the systematic effect 
of the Nafion content on the cell performance. It revealed that a Nafion content of approximately 35 wt% 
was capable of balancing the gas and ion transport, as well as providing an electrochemically active 
surface area for the ORR. Thus, the best cell performance was achieved with this Nafion loading. In their 
following experimental study [93], as shown in Fig. 8, the uniform and graded porous electrodes were 
compared at different operating temperatures, with the uniform electrode containing 30 wt% Nafion and 
the graded electrode being integrated with three sublayers containing various Nafion contents from 20 wt% 
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to 40 wt%. The results indicated that at intermediate and high current densities, placing more Nafion near 
the CL/membrane boundary and less Nafion near the CL/GDL interface could improve the cathodic 
performance of the cell. In contrast, cell performance significantly declined when the gradient of Nafion 
content was reversed. This can be explained by the increase in ionic conductivity affecting proton 
transport near the interface of catalyst layer and membrane (CL/membrane) and by the increase in 
electrode porosity affecting gas transport near the interface of the catalyst layer and gas-diffusion layer 
(CL/GDL), respectively. Kim et al. [94] prepared MEAs that had two different compositions of CLs in 
the electrodes, with the one close to the membrane (inner layer) having a higher Nafion content and the 
other near the gas diffusion layer (outer layer) having a lower Nafion content. It was found that 33 wt% 
and 23 wt% are the optimal Nafion ionomer contents of the inner and outer layers, respectively, for 
maximum cell performance at current densities higher than 800 mA cm
-2
.    
A graded distribution of platinum loading and the platinum-to-carbon ratio (%Pt/C) are typically 
considered in optimizing the Nafion content in the graded electrode design. Su et al. [95] prepared a novel 
double CL (NDCL) cathode with various Pt and Nafion contents inside the inner and outer CLs with 
different thicknesses. The morphology and cell performance of different MEAs were compared with those 
of a single CL (SCL), traditional double CL (DCL) and NDCL, as shown in Fig. 9. In the cross-sectional 
SEM images, the upper CLs belong to the anode, while the lower CLs are on the cathode side. One can 
see that the CL thicknesses are roughly the same with respect to the different preparation methods. The 
cell performances of four DCL cathodes were then measured and compared with that of the SCL cathode. 
They concluded that superior cell performance was achieved when the Pt ratio and Nafion contents within 
the inner and outer CLs were controlled at 8:2 and 33 wt % and 20 wt %, respectively. The new DCL 
cathode resulted in an increase in current density by 35.9% at 0.6 V in comparison with that in the 
traditional electrode. This enhancement is primarily attributable to the increase in porosity of the outer 
layer with low Pt and Nafion contents, which is of benefit to oxygen mass transport and liquid water 
removal. Song et al. [96] numerically performed both single-variable and two-variable optimization of the 
platinum loading and Nafion content. It was demonstrated that linear increases of both the Nafion content 
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and Pt loading from the interface of the GDL/CL to that of the CL/membrane were the optimal functions 
of Pt loading and the Nafion content when they were separately studied as single variables. However, 
when a two-variable optimization algorithm was performed, the optimal distribution of the Nafion content 
still followed a linearly increasing function, but the optimal distribution of Pt loading followed a convex 
increasing function. Briefly, higher contents of both platinum and Nafion near the CL/membrane interface 
were desirable for improved cell performance. However, a rational design of Nafion profiles within the 
CL was much more important than that of platinum.  
To the best knowledge of the authors, there are only few studies that have examined the effect of the in-
plane distribution of Nafion on the cell performance. Because the Nafion content/distribution-related 
proton and water transport seems more important along the through-plane direction than along the in-
plane direction, Cetinbas et al. [97] numerically studied bidirectionally graded CL compositions and the 
effects of catalyst and ionomer loadings in both the through-plane and in-plane directions. Their study 
elucidated that a higher Nafion weigh ratio under the channel, in comparison with that under land, 
enhanced the cell performance due to the improved ion transport. Recently, Herden et al. [98] 
manufactured a segmented cathode with various ionomer equivalent weights within the upstream and 
downstream regions of reactant gases. It was found that the cell performance was improved by the in-
plane distribution of ionomer equivalent weights under a wide range of operating conditions. The 
electrode with a lower equivalent weight near the inlet and a higher equivalent weight near the outlet 
showed better performance than did the homogeneous electrode.  
5.2 Graded Distribution of Platinum Catalysts 
For Pt-based CLs, the platinum particles must be well-dispersed and rationally distributed inside the CL 
to guarantee a high specific area and catalytic activity. When fuel cells operate under a variety of loads, 
the required activities and mass transport rates are varied owing to the nonuniform spatial distribution of 
reactant gases and the volume change of the void space initiated by the formation of liquid water. 
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Therefore, rational manipulation of the spatial distribution of platinum within the CL is helpful in 
reducing the amount and improving the efficiency of the precious catalyst.  
The concentration of reactant gases decreases and the amount of water increases from the GDL to the 
PEM as the reactants are consumed and products are formed. In particular, the kinetics of the ORR at the 
cathode are much slower than those of the HOR at the anode. Therefore, for the relatively sluggish ORR 
at the cathode, the oxygen diffusivity decreases due to the higher liquid-water flooding within the porous 
electrode; therefore, the rate of the ORR is further deteriorated. Thus, the design of a through-plane 
graded Pt distribution is considered a promising strategy for reducing the Pt usage without decreasing the 
cell performance. Most experiments have applied a multilayer design to study the optimal platinum 
gradient for a novel CL. Antoine et al. [99] studied the effects of catalyst loading gradients on cell 
performance with two types of electrodes, nonporous and porous. For the former type of electrode, more 
catalysts near the CL/GDL interface maximized the cell performance, but for the latter type of electrode, a 
higher concentration of catalyst near the CL/membrane interface is an optimal strategy. Taylor et al. [100] 
utilized an inkjet printing (IJP) method to prepare a graded catalyst structure with the highest platinum 
concentration in the region closest to the PEM and the lowest concentration furthest away. The 
preparation of such a graded CL using this method achieves improved cell performance in comparison 
with that of the traditional CL. Matsuda et al. [101] experimentally studied the effect of a multilayered CL 
design on cell performance. The activities of the reaction areas near the GDL and membrane under 
various relative humidity conditions were particularly investigated. Their results suggested a variation of 
catalyst loadings within the CL at different relative humidity values. When the relative humidity 
increased, the partial pressure of oxygen decreased. Under this condition, the catalyst loading should be 
higher near the GDL side to oxidize the oxygen more efficiently. For fuel cells using polybenzimidazole 
(PBI) as membrane, Kongstein et al. [102] constructed a DCL with 50 wt% Pt/C close to the membrane 
and 20 wt% Pt/C farther away. A maximum power density of 0.83 W cm
-2
 at 0.4 V was achieved using 
the as-prepared MEA. Su et al. [103] experimentally investigated the content and distribution of platinum 
in a DCL based on using polytetrafluoroethylene (PTFE) and polyvinylidene difluoride (PVDF) as two 
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types of binders. They found that a high Pt content in the PVDF CL benefited the electrode kinetics, 
while a high Pt content in the PTFE CL favored the mass transport. In their experiment, PTFE- and 
PVDF-based CLs were respectively used as inner and outer layers of the MEA. Proper Pt distributions in 
the DCL, e.g., a Pt mass ratio of 3:7 in the inner and outer layers, resulted in improved single-cell 
performance and durability.  
Roshandel and Ahmadi [104] numerically studied the spatial variation of catalyst loading in two 
directions based on the agglomerate assumption. It was found that the key question of where to apply 
more catalyst to increase the power density is addressed by the identification of locations at which the 
reaction occurs at the highest rate. The CL porosity was assumed to be 20%, and liquid water formation 
was ignored in this model. In this case, applying more catalyst under the channel and near the 
CL/membrane interface yielded improved cell performance. Taking the impact of liquid water formation 
and transport into account, Srinivasarao et al. [105] developed a two-dimensional and two-phase model to 
optimize the platinum loading, ionomer loading, weight fraction of platinum on carbon, and CL thickness 
of a novel design with multiple CLs. They suggested that to achieve the same cell performance as that 
obtained from a single CL design, the overall loading of platinum should be reduced when a multilayer 
CL is applied. Moreover, the optimal platinum loading of the CL close to the GDL was higher than that of 
the CL close to the membrane, as shown in Fig. 10. In this figure, CL1 represents the MPL-CL interface 
and CL4 corresponds to the CL-membrane interface. In the base case design, the platinum loading was 
fixed at 0.25 mg cm
-2
 and uniformly distributed in different sublayers. At high cell voltages, the optimal 
platinum distribution almost does not change. At decreasing cell voltage, which corresponds to an 
increase in current density, the optimal platinum loading decreases from the CL-membrane interface 
toward the MPL-CL interface. At 0.4 V, the optimal platinum loading within the CL-membrane interface 
decreases to 0.15 mg cm
-2
. This trend was confirmed by the work of Xing et al. [106]. The novel 
multilayer CLs with a graded platinum loading design improved the current density by approximately 15% 
at high current densities and by approximately 85% at low current densities.   
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The majority of experimental studies indicated that more platinum loading near the membrane could 
improve the cell performance [99-101]. However, such improvement was more significant in fuel cells 
operated at low and medium current densities. This is because at high current densities, the formation of 
considerable amounts of liquid water was very likely to block the void space for gas transport inside the 
porous electrode, leading to low utilization of the catalyst near the membrane. Other numerical studies 
showed different results, wherein more platinum loading near the GDL rather than near the membrane 
improved the cell performance [105, 106]. This can be explained by the assumptions in most numerical 
models, with the catalyst particles assumed interact well with the ionomer based on the continuum 
mechanics. In other words, all catalyst particles were used to form the triple phase boundaries (TPBs) on 
the surface of the continuous ionomer network. Once the two-phase flow between gas and water was 
taken into account, the higher platinum loading near the GDL was good for the cell performance, 
especially at high current densities. Due to the limitations of experimental fabrication, the catalyst 
particles near the membrane were more likely to be connected to ionomers, whereas those away from the 
membrane may have had a lower chance to build up the TPBs. Theoretically, placing more platinum near 
the GDL is capable of increasing the possibility of platinum particles being exposed to higher 
concentrations of reactant gases. Moreover, the reactant gas concentration decreases along the through-
plane direction from the GDL/CL interface toward the CL/membrane interface. Therefore, a higher CL 
porosity near the GDL/CL interface is an optimal design to guarantee a relatively high volume of 
available reactant gases [98]. 
Due to the accumulation of liquid water and heat along the gas flow direction, the CLs near the outlet 
of the electrode become hotter and less porous, leading to nonuniform performance over the active 
electrode area. Under these conditions, the inhomogeneous current density distribution inside the catalyst 
layer would accelerate the degradation of the electrode. To mitigate this problem, the graded distribution 
of platinum along the in-plane direction is considered as a possible solution. As shown in Fig. 11, Santis 
et al. [107] designed a tailored cathode with redistributed along-the-channel catalyst loading, with the 
loading lower near the inlet and higher near the outlet of the cathode. The average platinum loading is 
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between 0.25 and 0.3 mg cm
-2
. Cases of higher platinum loading near the inlet and lower loading near the 
inlet were also compared. For the same average platinum loading of 0.3 mg cm
-2
, an increase in platinum 
loading along the gas flow direction improved the cell performance by 20% at 0.5 V. It has also been 
indicated by both experimental and numerical results that the optimal gradient of catalyst loading depends 
on the air stoichiometry. A gentle increase of the catalyst loading profile homogenized the current density 
at relatively higher air stoichiometries, while a steeper profile was better suited for lower air 
stoichiometries. To improve catalyst utilization and reduce platinum usage without remarkable loss in cell 
performance, Prasanna et al. [108] increased the local electrochemical reaction rate by applying a 
catalyst-gradient electrode method to single-cell fabrication. In this work, more catalysts were placed near 
the outlet of the cathode channel, so that the depletion of oxygen along the channel was counteracted by 
the increased catalyst loading. With the help of the catalyst-gradient electrode, the cell voltage increased 
from 0.56 to 0.61 V at a current density of 0.9 A cm
-2
, and the peak power density increased from 0.5 to 
0.59 W cm
-2
 with a platinum loading of 0.3 mg cm
-2
. Recently, Xing et al. [109] found a strong 
interaction between the platinum loading and GDL porosity through the developed two-phase flow CFD 
model and experimental validation. The improvement of cell performance by placing more Pt near the 
outlet region at the cathode was recommended. However, homogenization of the current density also 
strongly depends on the graded GDL porosity. To achieve a homogeneous current density along the flow 
channel, the critical issue is to spatially match the electrochemical and species transport rates. When a 
high platinum loading and GDL porosity are initially applied at the cathode inlet, the individual increment 
of platinum loading near the outlet cannot improve the cell performance and current density uniformity. A 
systematic design of the gradients of platinum loading and GDL porosity must be taken into account.  
Successful operation of a fuel cell typically requires the supply of humidified reactant gases through an 
auxiliary humidifier. The associated increase in volume and weight results in a challenge in the 
commercialization of PEM fuel cells as portable energy sources. One of the possible ways to mitigate this 
challenge is to modify the fuel cells for operation without external humidification. For fuel cells using a 
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self-humidifying membrane as the electrolyte, a catalyst-gradient electrode is also an important 
alternative. Lee et al. [110] designed a novel electrode by introducing the catalyst gradient coating 
method for the MEA. To hydrate the PEM using the self-produced water, more ORR catalysts were 
located near the cathode inlet, and catalyst loading gradually decreased toward the cathode outlet. An 
improvement of cell performance by approximately 17% under nonhumidified conditions resulted from 
the catalyst-graded design in comparison with the conventional design. Penga et al. [111] manufactured a 
variable-temperature flow field for PEM fuel cells, which allowed maintaining nearly 100% relative 
humidity along the entire flow field without external humidification. A five-segment cell with graded 
operating temperatures was implemented in their work. It was found that a higher temperature at the 
segment closer to the outlet retains more moisture generated by the ORR. The novel design reduced mass 
transport losses at the high current density range by minimizing the water flooding within the cell.  
The graded design of porosity within the CL is a big challenge due to the very limited thickness of the 
component; therefore, available publications on this subject are very limited. Nevertheless, the variation 
in platinum loading and ionomer loading inevitably change the CL porosity. It is believed that the 
influence of the graded porosity is included in the effects of graded designs of platinum and ionomers. 
Wang et al. [112] designed a dual-porosity Pt/C as the ORR catalyst, in which ordered macro- and 
mesopores were arranged. The novel catalyst showed significantly improved anti-flooding ability and 
durability.  The graded designs of platinum and ionomer loadings of the CL were summarized in Table 3. 
6.    Graded PEM 
For a function-graded PEM, a gradient density of sulfonic acid groups along the membrane thickness 
direction is typically used as the definition [113]. In most previous studies, such partially fluorinated 
sulfonic acid membranes (part-FSAs) were prepared using irradiation methods, e.g., a low-energy 
electron beam (EB) [114, 115]. The mechanism of improving the cell performance is the control of the 
membrane water uptake.  
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
27 
 
Sato et al. [113] fabricated an FN (hybrid membrane) by mixing s-FEP (sulfonated radiation-grafted 
membrane) powder with a Nafion dispersion and compared the water uptake, ion exchange capacity (IEC) 
and cell performance achieved by using FN, s-FEP and Nafion
®
112 as the membrane, respectively. The 
IEC and water uptake of the FN was improved compared to those of the Nafion112 and s-FEP, resulting 
in the highest cell performance among the tested membranes, as shown in Fig. 12. Fujita et al. [114, 115] 
fabricated a novel PEM with functionally graded sulfonated acid groups utilizing the low-energy EB 
grafting method. The sulfonated acid groups were rich on the anode side and poor on the cathode side in 
the as-prepared new PEM. The cell performance was significantly improved in the high current density 
range, which was attributed to the gradient of water uptake. The higher membrane water content at the 
anode side prevented dehydration of the membrane at the anode and mitigated water flooding at the 
cathode side. The gradient-PEM therefore offered a promising solution for better water management in 
MEA. Shirarki et al. [116] changed the properties of polymeric materials and synthesized a novel PEM 
with variation of the sulfonic acid group density using the Xe
54+
 heavy-ion beam with the energy of 6 
MeV/u under vacuum conditions. It was shown that the MEA with functionally graded PEM improved 
the performance of the fuel cell. It was considered that the functionally graded PEM could control the 
water behavior due to the graded distribution of sulfonic acid. Tsuchida et al. [117] compared the 
functionally graded PEMs (G-PEMs) with Nafion 212 and normal PEMs (N-PEMs) under nonhumidified 
conditions. Due to the difference in proton transfer kinetics among different PEMs, the as-prepared G-
PEMs showed better performance and durability than did commercial Nafion 212 and N-PEMs at the two 
temperatures. The best cell performance was obtained using the decreasing-type G-PEMs, representing a 
decrease in ionic sites from the anode to the cathode side in the PEM, which can be explained by the 
prevention of drying due to the higher ion exchange capacities (IECs) and back diffusion.  
The above experimental work was supported by the theoretical outcomes of Verma and Pitchumani 
[118]. They presented a dynamic model for a single-channel PEM fuel cell for understanding the effects 
of membrane properties on the transient behavior of water transport, wherein the cell performance is 
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critically related to the water content of the membrane. It was shown that a sudden increase in the current 
density can lead to anode drying, which causes voltage reversal and may lead to cell degradation. It was 
also suggested that a graded membrane design with a decreasing water content across the membrane 
thickness from the anode to the cathode was a possible approach to prevent anode dehydration and avoid 
irreversible damage to the membrane. The graded design of sulfonic acid group of the PEM was 
summarized in Table 4. 
7.   Multi-Variable Optimization  
    Referring to the graded design of the functional components involved inside the MEA of a PEM fuel 
cell, changing the distributions of multiple components typically results in improved cell performance in 
comparison with that from changing a single-component [95, 98, 105]. However, optimization of the 
porous electrodes and PEM of a fuel cell is a challenging task because a multitude of design parameters 
must be optimized simultaneously to attain the optimal cell performance. The number of possible designs 
increases sharply as the number of design variables increases. Since the optimal graded distributions of 
different components are simultaneously preceded in parallel, e.g., the design of both a graded GDL and a 
graded MPL [119], multivariable optimization is an efficient method by which to optimize the cell 
performance by simultaneously optimizing a variety of variables. The common principle of numerical 
optimization is to efficiently search for an optimal design in a coupled mathematical algorithm with the 
aid of a computational analysis tool. Only a few designs need to be evaluated using the optimization 
algorithm, and the computational time is therefore significantly reduced. The multivariable optimization 
helps researchers create new designs or improve existing ones. Song et al. [120, 121] are considered the 
pioneers of the optimization of cell electrodes using a numerical optimization approach. The CL 
composition, including the ionomer volume fraction, catalyst layer thickness and catalyst loading, was 
optimized to achieve the maximum current density at the cell voltage of 0.6 V. The optimal distributions 
of Nafion ionomers and platinum were obtained. The optimization results indicated that the optimal 
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ionomer loading was approximately 30 wt. % [120], and the cell performance was improved by placing 
more ionomer and platinum near the membrane [121].  
Secanell et al. optimized both the platinum loading and performance of a complete MEA [122, 123] 
based on their optimization framework developed previously [124]. The design variables included the 
platinum loading, ionomer loading, GDL porosity and platinum mass ratio. It is shown that the cell 
performance was significantly improved by using the parameters obtained from the optimal design. The 
optimization results suggested that the cell performance can be improved by increasing the ionomer 
content and reducing the catalyst loadings. In addition, the platinum loading had to be controlled within 
the range of 0.1 to 0.5 mg cm
-2
, as higher loadings resulted in the waste of platinum rather than an 
increase in current density. Srinivasarao et al. [105] investigated an innovative design of a PEM fuel cell 
with multiple CLs. The design variables, including the weight fraction of platinum relative to carbon, 
platinum loading, ionomer loading, and thicknesses of all the CLs, were optimized to satisfy two 
objective functions. One objective was to maximize the current density at a specific cell voltage, while the 
other objective was to minimize the platinum loading for a given current density. A two-objective 
function multivariable optimization of the cathode composition of the PEM fuel cell was carried out by 
Xing et al. [125]. Five design variables, including the platinum loading, Pt/C ratio, ionomer volume 
fraction, thickness of the CL and agglomerate size, were optimized through a multiple surrogate model, 
and their sensitivities were analyzed by a Monte Carlo method-based approach. As a novel optimization 
strategy, maximizing the current density within a specific range of cell voltages was implemented for 
prediction of the optimum values.  
Numerical optimization is able to provide insight for porous electrode designs including cost reduction, 
performance improvement, and efficiency increase. As a relatively new research area, the numerical 
optimization of fuel cells has attracted growing interest. 
8.  Conclusion 
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The functionally graded design of the MEA, including the GDL, CL, MPL and membrane, has been 
reviewed in terms of experimental studies and numerical analysis. The graded design affects the mass 
transport of water and gases, electrode activity, heat transfer, electronic and ionic conductivity, and, 
consequently, the potential and current distributions and the cell voltage and power generated under 
different operating conditions. Owning to the spatial orientations of the carbon fibers, the inherent 
anisotropic properties of the porous electrodes must be considered. The graded GDL, CL and MPL must 
be designed along both the through-plane and in-plane directions.  
For the GDL and MPL, the distributions of porosity and hydrophobicity are the two most important 
design parameters. An increase in the GDL porosity and PTFE content from the CL/GDL interface 
toward the GDL/channel interface along the through-plane direction and from the channel inlet to the 
outlet in the in-plane direction can improve the cell performance at high current densities. The optimal 
distribution of porosity within the MPL depends not only on the volume fraction but also on the pore size 
of the void space. In the case of a large pore size, the decrease of the porosity from the CL/MPL interface 
to the MPL/GDL interface is helpful in improving the cell performance. However, in the case of a small 
pore size, the MPL porosity near the MPL/GDL interface should be higher than that near the CL/MPL 
interface to facilitate liquid water expulsion and reactant gas diffusion. An increase in the PTFE content 
inside the MPL from the CL/MPL interface toward the MPL/GDL interface could hydrate the membrane 
by retaining the product water in the CL under low humidity conditions. At high relative humidity, such a 
gradient is able to remove liquid water from the electrode more effectively.  
For the CL, the distributions of ionomer and platinum loadings were mainly investigated. It is 
commonly accepted that a linear decrease in the ionomer loading from the membrane/CL interface to the 
CL/GDL interface benefits cell performance. The optimal distributions of Pt loading vary for different 
conditions. If the reactant gas diffusion is the rate-limiting step, e.g., for a CL with low porosity operating 
at a high current density, the best cell performance is obtained when more Pt particles are located close to 
the CL/GDL interface. In contrast, if the ionic ohmic drop becomes the rate limiting step, the performance 
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is improved by incorporating more Pt particles close to the membrane/CL interface. Along the in-plane 
direction, increasing the Pt loading along the gas flow direction from the inlet to the outlet is capable of 
mitigating degradation problems due to the nonuniform current density distribution. The optimal 
increasing gradient depends on the stoichiometric flow ratio of the reactant gas and GDL porosity.  
For a functionally graded membrane, a gradient density of sulfonic acid groups through the membrane 
thickness is fabricated using irradiation methods. The mechanism of the improved cell performance is 
better control of the membrane water uptake. The decrease in sulfonic acid sites from the anode to the 
cathode inside the PEM could prevent the anode from drying out to some extent, thus improving the cell 
performance.  
Owing to the large number of design parameters and the strong interactions between them, the 
optimization of single parameters alone cannot provide synergetic effects from different parameters. 
Multivariable optimization is therefore an efficient way to investigate the interrelations between various 
design parameters and optimize several objectives simultaneously in a fuel cell design. 
9.   Final Discussion and Perspective 
Although the graded MEA design is an effective method to improve the cell performance, homogenize 
the current density and decrease the usage of precious catalyst materials, the drawback of the graded 
design is the required complexity of MEA preparation and the limited improvement of cell performance 
at low current densities. The graded design has no effect on the electrochemical kinetics, since the design 
only reinforces the transport behavior, which plays a more important role in fuel cells operated in medium 
and high current density ranges than in those operated at low current densities.  
The CL and MPL are very thin, at normally a few micrometers in thickness; thus, it is very difficult to 
control the graded distribution of functional components along through-plane direction in a single-layer 
CL or MPL using the traditional method. Because of this, a multilayer design has been used in previous 
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experimental studies. Moreover, the contact resistance between each sublayer would result in extra 
transport resistance of the species, charge and ions, which was omitted in most experimental works. To 
fabricate a single-graded CL and MPL, advanced methods and technologies need to be applied in 
electrode preparation, e.g., a dual-templating approach [112], in situ grown deposition [126-128] and 
layer-by-layer 3D printing [129]. With respect to modeling activities, the CL morphology is assumed to 
be constructed by numerous uniformly distributed particles in the majority of the existing models from 
availableliterature. However, the random distribution and interactions of the functional particles, as well 
as the possibly of building up effective TPBs, are not considered. For this reason, more precise models 
based on discrete representation and statistical theory have to be developed, as offered by the Monte 
Carlo percolation model [130, 131] and by the analytical electrochemical fin model coupled with 
skeleton-based partitioning [132].  
In addition, grading techniques could be used in other PEM-based electrochemical devices, e.g., water 
electrolyzers and direct methanol fuel cells (DMFC), due to the similarity of their cell structures. 
Although the cost of PEM fuel cells can be significantly reduced through optimization of the precious 
metal-based electrode, the development of novel cheap catalyst materials, e.g., modified carbon materials, 
is considered the eventual solution for PEM fuel cell commercialization and industrialization.  
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Fig. 1 Layout of a PEM unit and its species, electron and charge transport during operation 
 
 
Figure
 Fig. 2 Ratios of in-plane and through-plane parameters with various electrode porosities [40] 
 
 
 
 
 
  
 
 
Fig. 3 Distributions of current density around (a) 0.35 and (b) 0.6 A cm
-2
 with anisotropic and isotropic mass 
diffusivities [24] 
  
Fig. 4 Predicted cell performance for a porosity-graded cathode GDL with a parallel channel design [49] 
  
Fig. 5 Schematics of conventional and tortuosity graded diffusion media [52] 
  
Fig. 6 SEM image and corresponding EDS map of fluorine in the cross-sectional GDL [60] 
 
  
Fig. 7 The cell performance of the commercial MPL (34BC) and GMPL under various relative humidity 
conditions: the GMPL consists of 34BA (10 wt% PTFE) and three sublayers with various PTFE loadings from 
20 to 30 wt% [73] 
 
 Fig. 8 Graded distribution of Nafion in the cathode CL and the obtained polarization curves [93] 
 Fig. 9 SEM images of the cross-sectional views of MEAs with (a) SCL (b) DCL and (c) NDCL-2 cathodes and 
(d) cell performance with various cathode structures [95] 
  
Fig. 10 Optimum distribution of platinum loading in a multilayer CL at various cell voltages: CL1 is the 
sublayer close to the GDL, and CL4 is the sublayer close to the membrane [105] 
 
  
Fig. 11 Effect of the in-plane distribution of platinum on polarization curves and Nyquist plots [108] 
 
  
Fig. 12 Cell performances of MEAs based on FN (mixture of radiation-grafted membrane with Nafion ionomer), 
s-FEP (sulfonated radiation-grafted membrane) and Nafion 112 [113] 
 
Table 1 Summary of the graded design of GDL 
Parameter 
Grading 
direction 
Optimum distribution profiles and benefits 
Experimental or 
modeling 
evidence 
Reference 
Porosity 
Through-
plane 
Porosity=exp [-7.510-6x2-2.0410-4x-0.357] leads to the highest current density at 
overpotential of 0.36 V. (x is the GDL thickness). A change in GDL porosity exerts a 
significant influence in high current density range. 
Modeling 46 
A gradient in porosity of 80% at GDL-channel boundary and 20% at the CL-GDL 
boundary benefits the removal rate of liquid water and enhances the transport of oxygen 
through the cathode GDL. 
Modeling 48 
A linear porosity gradient with 70% at the GDL-channel boundary and 30% at the CL-
GDL boundary increases the limiting current density. 
Modeling 49 
Porosity=0.4x+0.4 yields the least liquid water and the best cell performance (x is the 
dimensionless distance through the thickness of the GDL) 
Modeling 50, 51 
In-plane 
An optimum value of effective diffusion length of diffusion media is existed for a peak 
cell performance. A functionally graded diffusion media design can provide a better 
performance than conventional diffusion media. 
Modeling 52 
Porosity=0.16+0.58(L)
3.02
 at 0.35 V, and 0.20+0.797(L)
1.84
 at 0.5 V (L is the dimensionless 
channel length along the gas flow direction) improve the uniformity in current density 
along the length of the channel up to a factor of 10. 
Experiment and 
modeling 
53 
Hydrophobicity 
Through-
plane 
A centrally located liquid saturation peaks in the GDLs were explained, which was 
attributed to relatively fewer PTFE-coated pores in the inner GDL region than in the outer 
GDL region due to incomplete PTFE treatment. 
Modeling 59 
Table
A uniform distribution of PTFE in GDL improved the cell performance under fully 
humidified condition. The current density at 0.6 V was increased by a factor of about 1.9 
in comparison with the non-uniform PEFE distribution. 
Experiment 60 
The effect of PEFE distribution in the GDL was important even when an MPL was 
included. The uniform PTFE distribution improved the cell performance at high relative 
humidity (80-152%) due to the efficient transport of liquid water through the GDL. 
Experiment 61 
The through-plane PTFE distribution alerted the in-plane gas permeability. The 
homogeneous distribution of PTFE achieved by the vacuum drying produced a porosity-
leveling effect. 
Experiment and 
modeling 
62 
Through-
plane and 
In-plane 
The PTFE content near the outlet should be higher along the in-plane direction, because 
water is prone to accumulate in this region. The manipulation of PTFE gradients were 
expected to result in effective water management in PEM fuel cells. 
Experiment 65 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2 Summary of the graded design of MPL 
Parameter 
Grading 
direction 
Optimum distribution profiles and benefits 
Experimental or 
modeling 
evidence 
Reference 
Porosity 
Through-
plane 
The optimal porosity gradually increased from the CL/MPL interface to the gas diffusion 
backing layer (GDBL)/MPL interface. The single cell performance, especially in high 
current density region was increased due to the higher water removal ability 
Experiment 70 
The porosity of the MPL decreased from the inner layer at the CL/MPL interface to the 
outer layer at the GDL/MPL interface. The graded porosity benefits the cell performance 
at high current density by facilitating the liquid water transport through large pores and gas 
diffusion via small pore in the porosity-graded MPL. 
Experiment and 
modeling 
71 
A MPL with a gradient configuration of 0.7/0.3 (ratio of carbon loading in MPL for CL 
side and flow filed side), with carbon loadings of 0.7 mg cm
-2
 on the CL side and 0.3 mg 
cm
-2
 on the flow filed side is preferable for the improved cell performance. 
Experiment 72 
Hydrophobicity 
Triple-layer MPL with various PTFE content, 20, 25 and 30 wt% in the MPLs from 
CL/MPL interface to MPL/GDL interface could retain more water for membrane at low 
RH and efficiently remove water from electrode at high RH, thus improved the cell 
performance under both low and high RH conditions. 
Experiment 73 
 
 
 
 
 
 
 
 
 
Table 3 Summary of the graded design of CL 
Parameter 
Grading 
direction 
Optimum distribution profiles and benefits 
Experimental or 
modeling 
evidence 
Reference 
Ionomer loading 
Through-
plane 
Lower Nafion content of 30 wt% in the GDL side and higher Nafion content of 40 wt% in 
the membrane side reduced the voltage losses in the CL by 3-5%, and improved the cell 
performance for intermediate and high current densities. 
Modeling and 
experiment 
92, 93 
More Nafion ionomer at the inner layer (close to the membrane) and less Nafion ionomer 
at the outer layer (close to the GDL) achieved improved cell performance at high current 
densities. 
Experiment 94 
In-plane 
Higher Nafion weight ratio under the channel enhanced the ion transport and improved the 
cell performance. 
Modeling 97 
Lower equivalent weight of Nafion in the upstream region and higher equivalent weight in 
the downstream region of reactant gases showed better cell performance and current 
density uniformity.  
Experiment 98 
Pt loading 
Through-
plane 
For diffusion as a rate limiting step, the best performance was obtained by placing more Pt 
close to the GDL. For ionic ohmic drop as a rate limiting step, the performance was 
improved when more Pt were located close to the membrane. 
Experiment and 
modeling 
99 
The highest Pt concentration close to the membrane (50 wt%) while the lowest furthest 
away (10 wt%) was the optimal distribution for the best cell performance at medium and 
high current densities. 
Experiment 100 
For the improved cell performance, the Pt catalyst concentration at the membrane side 
should be higher at low RH condition. In contrast, the Pt catalyst concentration at the GDL 
side should be higher at high RH condition. 
Modeling and 
experiment 
101 
A double catalyst layer (DCL) with 50 wt% Pt/C close to the membrane and 20 wt% Pt/C 
near the GDL achieved a maximum power density of 0.83 W cm
-2
 at 0.4 V, that was an 
improvement compared to the traditional CL. 
Experiment 102 
PTFE and PVDF based CLs were respectively used as inner and outer layers of the MEA. 
Pt mass ratio at 3:7 in the inner and outer layers resulted in an improved single cell 
performance and durability. 
Experiment 103 
Regardless of the liquid water formation and CL porosity was assumed as 20%, applying 
more catalyst under the channel and near the membrane-CL interface yielded the improved 
cell performance. 
Modeling 104 
Taking the impact of liquid water into account, higher platinum loading near the CL-GDL 
than that close to the CL-membrane can improve the cell performance by 15% in high 
current density region and 85% in low current density region. 
Modeling 105 
In-plane 
Optimal performance was achieved with lower Pt loading near the inlet and higher near 
the outlet of the cathode. The optimal gradient of catalyst loading depended on air 
stoichiometry. 
Experiment and 
modeling 
107 
 
For the average Pt loading of 0.3 mg cm
-2
, the optimal Pt loading increased from 0.2 to 
0.35 mg cm
-2
, while for the average Pt loading of 0.4 mg cm
-2
, the optimal Pt loading 
increased from 0.3 to 0.5 mg cm
-2
, from the inlet to the outlet to counteract the depletion 
of reactants in the gas stream and improve the cell performance. 
Experiment 108 
 
Higher amount of Pt catalyst loaded at the cathode inlet, more water was generated at the 
inlet and the product water was used to hydrate the membrane at nonhumidified condition 
and improve the cell performance in full range of current density. 
Experiment 109 
Pt and ionomer 
loading 
Through-
plane 
Better cell performance was achieved when Nafion contents in the inner and outer layers 
were fixed at 33 wt% and 20 wt%. Platinum loading also varies in the two sub-layers, with 
higher loading in the inner layer and lower loading in the outer layer. 
Experiment 95 
The optimal distribution of Nafion content is a linearly increasing function in which the 
content is 23 wt% near the GDL/CL interface and 46 wt% at the CL/membrane interface. 
However, platinum loading is a convex function, increasing from 0.33 to 0.22 mg cm
-2
 
from the GDL/CL interface to the CL/membrane interface. 
Modeling 98 
Table 4 Summary of the graded design of PEM 
Parameter 
Grading 
direction 
Optimum distribution profiles and benefits 
Experimental or 
modeling 
evidence 
Reference 
Sulfonic acid 
group 
Through-
plane 
A hybrid MEA was fabricated by coating the mixture of sulfonated FEP powder with 
Nafion dispersion at the interface between a PEM and electrodes. Cell performance was 
improved due to the increased ion exchange capacity and water uptake. 
Experiment 112 
A novel MEA with functionally gradient sulfonated acid group (rich on the anode side) 
was prepared using low energy EB grafting method. Due to the water uptake gradient, the 
flooding in the MEA was mitigated and cell performance at high current densities was 
improved.  
Experiment 113, 114 
A graded PEM, with more sulfonic acid groups at the anode side, was prepared using a 
heavy ion beam irradiation. The as-prepared MEA improved the cell performance in terms 
of voltage stability and durability owing to the better water management. 
Experiment  115 
Function-graded PEM was compared with traditional Nafion 212 membrane under non-
humidified condition. The optimal distribution of the ionic sites is from the anode to the 
cathode. The cell performance and power density were improved due to the prevention 
from membrane drying-up. 
Experiment 116 
A dynamic model for a single channel PEM fuel cell was developed. It suggested that a 
graded membrane design with decreasing water content across the membrane thickness 
from the anode to the cathode was a possible approach to prevent the anode dehydration 
and avoid irreversible damage of the membrane. 
Modeling 117 
 
 
